Abstract. Isoflavones have been investigated in detail for their role in the prevention and therapy of prostate cancer. This is primarily because of the overwhelming data connecting high dietary isoflavone intake with reduced risk of developing prostate cancer. A number of investigations have evaluated the mechanism(s) of anticancer action of isoflavones such as genistein, daidzein, biochanin A, equol, etc., in various prostate cancer models, both in vitro and in vivo. Genistein quickly jumped to the forefront of isoflavone cancer research, but the initial enthusiasm was followed by reports on its contradictory prometastatic and tumor-promoting effects. Use of soy isoflavone mixture has been advocated as an alternative, wherein daidzein can negate harmful effects of genistein. Recent research indicates a novel role of genistein and other isoflavones in the potentiation of radiation therapy, epigenetic regulation of key tumor suppressors and oncogenes, and the modulation of miRNAs, epithelial-to-mesenchymal transition, and cancer stem cells, which has renewed the interest of cancer researchers in this class of anticancer compounds. This comprehensive review article summarizes our current understanding of the role of isoflavones in prostate cancer research.
INTRODUCTION
Isoflavones are compounds related to the isoflavonoids, a class of flavonoid phenolic compounds. These natural agents have been a topic of intense medical research in the last few decades with putative beneficial roles against multiple human diseases, including cancer. Isoflavones from many novel sources are subjects of ongoing investigations, but the ones obtained from soybean are the most widely characterized and studied. In particular, isoflavone genistein ( Fig. 1) is the most widely investigated isoflavone. Detailed investigations in the last 6-7 years have pointed out a few risks associated with pure genistein administration. However, a quick survey of recent literature reveals a renewed interest in isoflavones' anticancer activity. In this review article, we present a detailed overview of the anticancer potential of isoflavones, particularly in relation to their chemopreventive/ therapeutic action against prostate cancer.
EPIDEMIOLOGICAL DATA
A plethora of available literature supports a connection between dietary isoflavone intake and reduced risk of prostate cancer. One of the earliest reports connecting diet with incidence of specific human cancers (1) showed the work done over a period of 10 years which revealed that the typical diets in western countries do not contain sufficient quantities of phenolic compounds from beans, pulses, and other foods, resulting in low concentrations of bioavailable isoflavonic phytoestrogens. As a clinical manifestation, it was confirmed that the subpopulations with high daily intake of isoflavones have low prostate cancer mortality (2) . This study looked at urinary excretion of isoflavones in nine Japanese men before coming to the conclusions. Isoflavones were thus hypothesized to be "cancerprotective" agents. To further prove this point, a direct comparison was done between 14 men from Japan and 14 men from Finland for their plasma levels of four soy-derived isoflavones (3) . It was determined that the total plasma levels of isoflavones were 7 to 100 times higher in Japanese men, with particularly high concentrations of the isoflavone genistein. An argument was made connecting soy consumption and isoflavones to low mortality from prostate cancer in Japan.
The isoflavone genistein concentration in soy foods ranges from 1 to 2 mg/g (4) . Furthermore, oriental populations consume 20-80 mg genistein per day on average whereas the average consumption in the USA is just 1-3 mg genistein per day (4) . This huge difference in daily uptake of genistein could explain the observed protective effects of genistein against prostate cancer in oriental populations but not in the western population. Another study (5) that quantitated genistein and genistin (beta-glucoside conjugate of genistein) put the concentrations in typical soy foods at 4.6-18.2 μg/g food for genistein and 200.6-968.1 μg/g food for genistin, in soy milk and tofu at 1.9-13.9 μg/g food for genistein and 94.8-137.7 μg/g food for genistin, and in fermented soybean products at 38.5-229.1 μg/g food for genistein and 71.7-492.8 μg/g food for genistin. This study calculated the average daily intake of genistein and genistin by the Japanese to be 1.5-4.1 and 6.3-8.3 mg/person, respectively, which was estimated to be much higher than the average daily intake by US and Western European populations. It has been estimated that at least 10% of Asians consume up to 25 g of soy protein (100 mg isoflavones)/day with Japan being the leading soy-consuming nation followed by Hong Kong and Singapore (6) . The variations in isoflavone levels in different populations have been reported by other research groups as well.
These early observations generated a lot of interest in soyderived isoflavones as anticancer agents and prompted National Cancer Institute to organize a workshop on such effects of soy foods (7) . A review of all the existing data on soy isoflavones at that time indicated pleiotropic effects of genistein such as its effects on the estrogen pathway and inhibition of tyrosine kinases, DNA topoisomerases, and other signaling pathways (7) . It was also recognized that a number of investigations, which included in vitro, in vivo as well as epidemiological studies, supported a protective effect of soy-derived isoflavones against human cancers, including prostate cancer. More importantly, no adverse effects of these compounds, such as tumor-promoting effects, were noted. The isoflavones from soy foods became the candidates for further mechanistic studies for their putative anticancer activity.
CELL LINE STUDIES
The realization that soy isoflavones have a role to play in chemoprevention of prostate cancer led to a number of cell linebased investigations aimed at understanding the mechanism of these compounds. In an early report on the effect of isoflavones on the growth of prostate cancer cells (8) , it was reported that the isoflavones genistein and biochanin A (Fig 1) can inhibit the growth and proliferation of androgen receptor (AR)-positive LNCaP as well as AR-negative DU145 cells. A major finding of this study was that the effect of studied isoflavones did not seem to include predominantly epidermal growth factor-mediated signaling. Another study (9) looked at the effect of genistein treatment on six human prostate cancer cell lines, DU145, PC3, ND1, LNCaP, ALVA31, and JCA1, and found a growth inhibitory effect of genistein in these cells with possible mechanistic involvement of CD105 (endoglin). Endoglin is a suppressor of prostate cancer cell motility, and its expression is lost during the progression of prostate cancer. It has been demonstrated that genistein induces the reversion to a lowmotility phenotype in otherwise aggressive endoglin-deficient prostate cancer cells through activation of ALK2-Smad1 endoglin-associated signaling (10) . In a highly metastatic variant of PC3 cells, genistein was found to stimulate binding of focal adhesion kinase (FAK) to beta-1-integrin leading to increased cell adhesion and reduced metastasis (11) . A follow-up study (12) found a lack of dependence of cell growth inhibition on cell adhesion, suggesting these to be two independent effects. It was also observed that the effects of genistein are evident at concentrations that are significantly higher than the levels attained in serum. Yet another investigation demonstrated that FAK-beta-1-integrin complex formation is independent of FAK phosphorylation and activation (13) . The mechanism of genistein action has also been suggested to involve regulation of androgen receptor, TGF β1-signaling, PI3K-Akt-mTOR signaling, GSK-3 pathway; induction of glutathione peroxidase, breast cancer susceptibility genes BRCA1 and BRCA2, PTEN; and down-regulation of VEGF, MMP-2, COX-2, survivin, wnt signaling, prostate androgen-regulated transcript 1, telomerase, MDM2, uPAR, and proteasome activity.
Deregulated cell cycle and cell growth are the hallmarks of human cancers, and cell cycle arrest is one activity that is desirable for any proposed anticancer agents. Our own investigations with genistein (14) led to the findings that genistein induces apoptosis in prostate cancer cells through G2/M cell cycle arrest with concomitant down-regulation of cyclin B and up-regulation of inhibitory p21WAF1. Such G2/M arrest (15, 16) and induction of p21 (16, 17) by genistein have been confirmed by other researchers. Additionally, genistein has also been shown to induce inhibitory p27 (15) which also contributes to cell cycle arrest.
NF-κB is a crucial transcription factor that has been implicated in the progression of human cancers (18, 19) . In a study that investigated AR-positive LNCaP and AR-negative PC3 prostate cancer cells (20) , we observed an inhibitory effect of genistein on NF-κB activity as evidenced by its binding to DNA. Genistein was also able to abrogate the activation of NF-κB by DNA-damaging agents. As a mechanism, we determined that genistein inhibited the phosphorylation of inhibitory I kappa B alpha which kept NF-κB bound to the inhibitory protein and unable to translocate to the nucleus. Later, we showed that genistein can inhibit Akt kinase activity which abrogates the epidermal growth factor-induced activation of Akt resulting in inactivation of NF-κB signaling (21) . Inactivation of NF-κB signaling has also been linked to the potentiation action of chemotherapeutic drugs by genistein in multiple cancer cell lines, including PC3 prostate cancer cells (22) .
Prostate-specific antigen (PSA) is an important biological marker for monitoring the clinical management of prostate cancer patients. In a study using VeCaP prostate cancer cell line that expresses PSA in an androgen-independent manner, we observed differential effects of genistein on PSA expression between LNCaP and VCaP cells (23) . Genistein decreased PSA Fig. 1 . Chemical structure of major isoflavones mRNA, protein expression, and secretion, supporting its role as a chemopreventive/therapeutic agent. The inhibitory action of isoflavones/genistein on PSA has been confirmed by other researchers as well (15) . In a later study, we showed that genistein decreases the transcriptional activation of PSA by androgen-dependent as well as androgen-independent manner in LNCaP cells (24) . However, in a preclinical study where 34 elderly men with elevated PSA levels were administered soy isoflavones, no effect of isoflavones on PSA was observed (25) . This suggests that short-term treatment with isoflavones, particularly in people with highly elevated PSA levels, might not be effective. Another report observed a differential effect of genistein on PSA in different prostate cancer cells (26) . Genistein inhibited PSA protein expression in both LNCaP and C4-2B cells but altered PSA mRNA expression in only LNCaP cells.
In addition to studies in immortalized prostate cell lines, as discussed above, there is evidence to suggest an inhibitory effect of genistein on the growth of human-patient benign prostatic hypertrophy and prostate cancer tissue as well, at doses ranging from 1.25 to 10 μg/ml (27) . A number of other studies support an effect of isoflavones against prostate cancer cell lines, and a detailed discussion is beyond the scope of this article. Our own work elucidated an intricate regulation of Akt/FOXO3a/GSK3beta/AR signaling in AR-positive prostate cancer cells (28) . This study was carried out in LNCaP and C4-2B cells and revealed that isoflavones can inhibit the phosphorylation of Akt and FOXO3a, regulate Src phosphorylation, and increase GSK-3β expression, resulting in the down-regulation of AR and PSA. Furthermore, isoflavones inhibited the binding of FOXO3a to the AR promoter and increased FOXO3a binding to the p27 promoter, which resulted in altered AR and p27 expression leading to cell proliferation inhibition with induction of apoptosis in androgen-sensitive as well as androgen-insensitive prostate cancer cells.
Effect on Invasion and Metastasis
In a study that suggested a more pronounced effect of genistein against highly metastatic cells, PC3 cells were shown to be the most sensitive cells to genistein treatment as compared to less metastatic DU145 and LNCaP cells (29) . Genistein was proposed to target urokinase-type plasminogen activator (uPA), a factor known to influence invasion and metastasis of human cancer cells (30) . An inhibitory effect of genistein treatment was observed on the transcription of uPA, its receptor uPAR, and few metalloproteinases in PC3 and DU145 cells, demonstrating its ability to inhibit invasion-related genes in prostate cancer models (31). Xu et al. have demonstrated that genistein-mediated inhibition of prostate cancer cell invasion depends on blocking the activation of the MAP kinase-activated protein kinase 2-HSP27 pathway (32) . A potent inhibition of MMP-2 in a number of prostate cancer cell lines through modulation of p38 mitogenactivated protein kinase (MAPK) has also been proposed as a mechanism of inhibition of invasion by genistein (33) .
Our laboratory conducted a cDNA microarray to list the angiogenesis-, metastasis-, and invasion-related genes that are modulated by genistein in PC3 prostate cancer cells (34) . A total of 832 genes were found to show >2-fold change after genistein treatment. Among these, 11 down-regulated genes (MMP-9, protease M, uPAR, VEGF, neuropilin, TSP, BPGF, LPA, TGFbeta2, TSP-1, and PAR-2) and two up-regulated genes (connective tissue growth factor and connective tissue activation peptide) were related to angiogenesis, invasion, and metastasis. Cluster analyses (35) revealed that genistein regulates the expression of genes that are critically involved in the regulation of apoptosis, cell cycle, cellular signaling, angiogenesis, invasion, and metastasis. A similar pleiotropic action of genistein on multiple signaling pathways was observed when cDNA microarray studies were conducted using LNCaP cells (36) .
Working on the targets of genistein that influence metastasis in multiple prostate cancer cell lines, Xu et al. (37) observed an inhibitory effect of genistein on mitogenactivated protein kinase 4 (MEK4). MEK4 influences the invasion of cancer cells by inducing MMP-2 expression, and its inhibition by genistein ensured inhibition of invasion. Demonstrating an in vivo inhibition of metastasis of prostate cancer cells in an experimental metastasis model, Lakshman et al. noted a 96% inhibition of lung metastases when athymic mice were put on genistein diet even before the orthotropic implantation of PC3-M cells (38) . Genistein was able to induce tumor levels of FAK, p38 MAPK, and HSP27.
Epithelial-to-mesenchymal transition (EMT) is recognized as an important process that is connected to cancer cell invasion and metastasis. In an in vitro study with two prostate cancer cell lines that possess mesenchymal phenotype, IA8-ARCaP and LNCaP/ HIF-1α, low doses of genistein were found to reverse the mesenchymal phenotype to epithelial phenotype, as evidenced by cell morphology and expression of EMT markers (39) . As a further indirect proof, genistein treatment has been shown to attenuate insulin-like growth factor-mediated inhibition of E-cadherin, a marker of epithelial phenotype (40) . The increased expression of E-cadherin is indicative of reversal of EMT by genistein in invasive PC3 cells. A recent study compared genistein and daidzein (Fig 1) for their ability to influence prostate cancer cell invasiveness, metastatic potential, and membrane fluidity, using the Matrigel system (41). Genistein was found to be better than daidzein in provoking increases in the membrane order parameter and decreasing the invasiveness. It was suggested that genistein might be antimetastatic by virtue of its ability to modulate the mechanical properties of prostate cancer cells. Collectively, there seems to be ample evidence supporting an inhibitory action of isoflavones against prostate cancer cell invasion and metastasis in vitro.
Oxidative Damage
It has long been recognized that phytoestrogens, such as isoflavones, possess antioxidant properties that are responsible for their anticancer effects. This probably is connected to the fact that the probability of prostate cancer increases with age which also correlates with the accumulated oxidative damage in the elderly subjects. The isoflavones genistein and equol (Fig 1) have been shown to afford protection against oxidative damage at bioavailable concentrations, and such action was reported to be more effective than the established antioxidants ascorbic acid and alpha-tocopherol (42) . Genistein was able to protect cells from oxidative damage by its ability to induce antioxidative genes and proteins such as glutathione reductase, microsomal glutathione S-transferase 1, and metallothionein (43) . In addition to their antioxidant activity, anticancer agents have also been proposed to possess pro-oxidant activity, particularly in the presence of the transition metal copper. With the reported increased levels of copper in cancer tissues, the pro-oxidant activity leads to effective killing of cancer cells (44) (45) (46) . Isoflavones genistein and biochanin A have been shown to mobilize nuclear copper in human lymphocytes, resulting in the degradation of cellular DNA. These compounds also served as antioxidants against tert-butylhydroperoxide-induced oxidative breakage (45) .
Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is another transcription factor that plays an important role in the defense of cells against oxidative stress. This factor has also been suggested as a target of many antioxidant anticancer agents (47) . Pharmacogenomics and gene expression profiles, influenced by soy isoflavones in the prostates of Nrf2 deficient vs. wild-type mice, revealed that soy isoflavones mainly target genes that affect cell growth, cell cycle, apoptosis, electron transport, mRNA processing, transcription factors, carbohydrate homeostasis, and phase II metabolizing enzymes, all of which are regulated by Nrf2 (48) . Thus, it appears that Nrf2 plays a key role in mediating the biological activity of isoflavones.
IN VIVO STUDIES
In addition to the in vitro evidence in support of the anticancer action of isoflavones, a number of in vivo studies have also been conducted to better understand the beneficial role of isoflavones in various prostate cancer models. In support of a chemopreventive effect of soy isoflavones genistein and daidzein, pretreatment with these compounds was shown to reduce 7,12-dimethylbenz[a]anthracene (DMBA)-induced sister chromatid exchanges in female ICR mice by about 20% (49) . As a direct proof in support of the notion that high isoflavone diets reduce the risk of prostate cancer, Lobund-Wistar rats were fed high vs. low isoflavone-supplemented diets before initiation by methylnitrosourea (50) . The disease-free period was prolonged by 27% in rats that were fed high isoflavonesupplemented diets compared with rats fed the diet low in isoflavones. AR signaling has a unique role in the development of prostate cancer, and a study by Fritz et al. (51) confirmed the direct inhibition of AR by genistein. Male Sprague Dawley rats were fed genistein in diet, and exposure to genistein resulted in a dose-dependent down-regulation of AR mRNA expression in the dorsolateral prostate.
In a transgenic mouse model of prostate cancer (TRAMP) where all mice develop prostate tumors by 28-30 weeks of age, genistein administration was started at 5-6 weeks of age in an attempt to evaluate the in vivo anticancer efficacy of genistein (52) . Serum levels of genistein in mice were observed to be in accordance with the reported serum levels in an Asian population with high soy diet, and no toxic effects were observed. Furthermore, genistein could dose dependently reduce the percentage of TRAMP mice with poorly differentiated prostate adenocarcinoma which provided clear evidence in support of the in vivo anticancer efficacy of genistein. Few other studies have confirmed such chemopreventive action of genistein in the TRAMP model. In one such study (53) , dietary genistein significantly down-regulated cell proliferation, EGFR, IGF-1R, ERK-1, and ERK-2 in prostates of TRAMP mice indicating a pleiotropic action of this isoflavone in vivo. In another study (54) , inhibitory action of genistein in TRAMP mice was attributed to its ability to inhibit osteopontin expression.
An early observation on the in vitro vs. in vivo discrepancy of genistein activity was noted by Naik et al. when genistein was found to be an effective inhibitor of cell growth, in both human as well as rat prostate cell lines, but failed to inhibit the growth of subcutaneously implanted rat cells in vivo (55) . A study by Cohen et al. (56) found no in vivo inhibition of tumor growth by isoflavone-rich soy protein isolate in androgen-independent R-3327-AT-1 rat prostate tumor cells that were inoculated ectopically into male Copenhagen rats. As opposed to the hypothesis that an isoflavone-rich diet should inhibit tumor growth, a significant increase in tumor volume was observed. These results suggested caution before indiscriminate use of isoflavones in clinical studies, particularly in castrate-resistant prostate cancers.
Genistein has also been shown to inhibit prostate cancer stem cells, the determinants of metastasis. In one such study (57) , genistein inhibited the hedgehog-gli1 pathway which might explain its ability to inhibit the growth and sustenance of prostate cancer tumorspheres. Metastasis of prostate cancer to distant organs, particularly to bones, is a huge clinical challenge. In an in vivo experimental model to study bone metastases of prostate cancer and the effect of genistein, we injected PC3 cells in human bone fragments already implanted in severe combined immunodeficiency (SCID) mice and administered genistein to these mice (58) . A beneficial effect of genistein was observed in both prevention and intervention experimental setting as evidenced by significantly reduced PC3 bone tumor growth. In particular, we observed an inhibitory effect of genistein on the expression of metastasis-influencing matrix metalloproteinase MMP-9. Genistein was also found to potentiate the antitumor activity of docetaxel in the same experimental bone metastasis model through induction of osteoprotegerin and down-regulation of receptor activator of NF-κB (RANK) ligand (RANKL) and MMP-9 (59).
POTENTIATION OF RADIATION THERAPY
Radiation therapy remains an important strategy in the treatment of prostate cancer patients. With the aim to increase the efficacy of radiation therapy, we combined genistein with radiation therapy in vitro and found a significantly enhanced killing of prostate cancer cells by the combination treatment as compared to either treatment option alone (60) . Genistein was able to augment the effect of radiations at doses approximately 2-fold lower to observe similar efficacy. Extending our investigations to an orthotropic prostate cancer model (61), we used genistein with and without radiation treatment and observed a significantly reduced tumor growth in mice that underwent combination treatment. These mice also had reduced lymph node metastases and better overall survival. A radiosensitizing effect of genistein on DU145 cells has been demonstrated by Yan et al. (62) where treatment with genistein led to increased cell cycle arrest and apoptosis when combined with ionizing radiation. This in vitro study confirmed our earlier results (60) on augmentation of radiation by genistein. As a mechanism for increased cell cycle arrest and cell death induced by genistein in combination with radiation therapy, we have demonstrated genistein-mediated inhibition of NF-κB activation as the crucial step that leads to altered regulation of cell cycle regulatory proteins such as cyclin B and p21 (63) .
Although multiple studies have suggested a radiosensitizing effect of soy isoflavones/genistein (64) , it has also been observed that treatment with genistein alone actually results in increased metastases to lymph nodes. In order to rule out the effects of the compromised immune system of SCID mice, the study was repeated in a syngeneic C57BL/6 mouse model (65) . Confirming the paradox even in this model, genistein alone induced metastasis to lymph nodes but afforded significant protection when combined with radiation therapy. It was later suggested that induction of metastasis in the lymph nodes by genistein alone involves induction of HIF-1α (66) . Also, a mixture of soy isoflavones (genistein + daidzein + glycitein, Fig 1) potentiated radiotherapy almost similar to genistein alone but did not induce metastasis by itself in the absence of radiation therapy. This study suggested the use of soy isoflavones, as opposed to pure genistein alone, in prostate cancer therapeutics, especially for radiosensitization (67) . The targets of soy isoflavones in this model were identified to be apurinic/ apyrimidinic endonuclease 1/redox factor-1 (APE1/Ref-1) and NF-κB (68) . In the context of HIF-1α activation, it has since been shown that radiation induces phosphorylation of Src and STAT3 leading to induction of HIF-1alpha (69) and that pretreatment with isoflavones inhibits this pathway. In a study to elucidate the component of soy isoflavone mixture that might negate the metastasis-inducing effects of genistein alone, daidzein has been shown to be the component that protects against genistein-induced lymph node metastasis (70) .
PRECLINICAL AND CLINICAL STUDIES
In a nontherapeutic clinical study designed to evaluate the effect of isoflavone administration on NF-κB activation (71), six healthy male subjects received 50 mg isoflavone mixture twice daily for 3 weeks. The isolated blood lymphocytes were exposed to TNF-α, an inducer of NF-κB, and it was observed that isoflavones afforded protection against TNF-α-induced NF-κB in addition to reducing the levels of oxidative DNA damage marker 5-hydroxymethyl-2′-deoxyuridine. In view of the reports on genetic damage in vitro by genistein, Miltyk et al. (72) recruited 20 prostate cancer patients, administered 300 mg genistein per day to them for 28 days, and then looked for several markers for genotoxicity such as DNA strand breaks, chromosomal damage, and gene translocations. It was concluded that genistein does not induce any unfavorable changes in these patients and could be investigated further in clinics. The safety and nontoxicity of isoflavones in clinical settings has since been verified by several independent investigations. Additionally, there is evidence to suggest that whereas isoflavones are bioavailable in the serum of human subjects, prostate tissue might have the ability to concentrate it further to the levels which have been shown to be protective against prostate cancer (73) .
In a phase I study (74) that measured the pharmacokinetic parameters of two distinct unconjugated soy isoflavones preparations, PTI G-2535 and PTI G-4660 (which differ in genistein content-43% and 90%, respectively), cohorts of four patients were given single doses of each preparation, with doses separated by 1 week. No major toxicities were observed, and such oral administration of soy isoflavones was found to result in plasma concentrations that have been demonstrated to exhibit anti-metastatic activity in vitro. In a study that looked at 58 men at high risk of developing prostate cancer, 3 to 6 months of isoflavone intake was not found to alter prostate biomarkers, including PSA, but resulted in reduced rate of prostate cancer (75) . Similarly, in a phase II randomized trial in Japanese men aged 50-75 years, isoflavone equol administration for 12 months did not show any impact on the PSA levels but reduced the incidence of prostate cancer significantly in men aged 53-65 years (28% in the isoflavone group vs. 57% in placebo) (76) .
A study by deVere et al. (77) did not observe a >50% reduction in PSA levels of prostate cancer patients with mean age of 73.6 years after administration of genistein-rich extracts for 6 months which made them conclude that the use of genisteinrich extract as a sole treatment might not be useful against advanced stage prostate cancer patients. On a similar note, no beneficial effect of a 12-month 83-mg/day isoflavone treatment was seen on serum PSA concentration in seemingly healthy men aged 50-80 years (78) . In a double-blind, randomized trial in 53 men who were administered 450 mg genistein, 300 mg daidzein, and other isoflavones for 6 months, no inhibitory effect of any isoflavones was observed on the PSA levels (79). However, Kumar et al. (80) noted a two-point decrease in PSA levels of 19% of patients in a study that enrolled 76 patients and administered soy isoflavones or placebo for 12 weeks. In another randomized, double-blind trial involving prostate cancer patients with rising PSA levels after radical prostatectomy or radiotherapy, administration of dietary supplements, which included soy and isoflavones, resulted in delayed PSA progression (81) . A randomized trial with data from 23 men (aged 58.7±7.2 years) found a 14% decline in serum PSA levels when the subjects were on high soy diet (two servings of soy per day) (82) . Another phase II trial with isoflavones reported a significantly lowered PSA slope in the intervention group supporting an effect of isoflavones on PSA (83) . Whereas the annual increase in PSA levels was 56% before the study, it was reduced to 20% during the year-long study. A similar beneficial effect of genistein was observed in a double-blind, randomized phase II trial where 3 to 6 weeks of administration of genistein prior to prostatectomy resulted in a 7.8% decrease in PSA levels although PSA levels increased by 4.4% in the placebo arm (84) .
In a pilot study investigating soy isoflavone supplementation effects on acute and subacute toxicity of external beam radiation therapy in patients with localized prostate cancer, we found that at 3 months as well as 6 months time points, radiation therapy-induced urinary, bowel, and sexual adverse symptoms were decreased in the soy isoflavone group when compared to the radiation alone group (85) . Clearly, there are some discrepancies as to the clinical benefits of soy isoflavones, but there also is ample evidence (Table I) to warrant further detailed studies to fully understand the role of either genistein alone or the soy isoflavone mixtures for benefiting prostate cancer patients in the clinical setting.
EPIGENETIC REGULATION
In addition to modulation of several signaling pathways discussed above, isoflavones have also been demonstrated to mediate epigenetic changes leading to their cancer chemopreventive/therapeutic action (86) . In one such report, genistein was shown to reverse DNA hypermethylation and reactivation of retinoic acid receptor beta in LNCaP and PC3 cells (87) . A similar activity of other isoflavones such as daidzein and biochanin A was also observed, but genistein was found to be most effective. In one of the first reports on chromatin remodeling by genistein, Majid et al. (16) reported activation of acetylated histones 3 and 4, and H3/K4 at the p21 and p16 transcription start sites in prostate cancer cells LNCaP and DuPro after treatment with genistein. P21 promoter was found to be demethylated which is in agreement with the induction of this cell cycle-inhibitory protein by genistein. Genistein treatment also resulted in increased expression of histone acetyl transferases. Remodeling of heterochromatin domains at promoters by genistein, leading to the activation of tumor suppressor genes, is yet another way by which genistein induces epigenetic changes (88) . Activation of tumor suppressors by genistein included demethylation and acetylation of H3-K9 (histone H3-lysine 9) at PTEN and CYLD promoters, and acetylation of H3-K9 at p53 and FOXO3a promoters. The H3-K9 acetylation by genistein has been confirmed in a prostate cancer model by another research group as well (89) .
As epigenetic basis for regulation of AR by genistein (90) , it has been reported that HDAC6, a Hsp90 deacetylase, is inhibited by genistein leading to inactivation of Hsp90 through increased acetylation. This leads to increased ubiquitination and down-regulation of AR, which is normally stabilized by chaperone activity of Hsp90. Another epigenetic regulation by which genistein inhibits the growth of prostate cancer is through inhibition of promoter methylation leading to activation of tumor suppressor B cell translocation gene 3 (91) . Vardi et al. (92) compared the demethylating effect of genistein and daidzein with that of established demethylating agent 5-azacytidin in the promoter regions of glutathione Stransferase P1 (GSTP1), Ras association domain family 1, ephrin B2 (EPHB2), and BRCA1 genes. Genistein and daidzein were found to effectively induce CpG island demethylation of tumor suppressor genes, particularly GSTP1 and EPHB2 in the tested prostate cancer cell lines. Such demethylating activity of genistein and daidzein on these genes has been confirmed in another report as well (93) .
REGULATION OF MICRORNAS
The microRNAs (miRNAs) are increasingly being recognized as the key regulators of major cellular events through their regulation of multiple target genes. In one of PSA prostate-specific antigen, GCP genistein combined polysaccharide the first reports on regulation of miRNAs by isoflavones, genistein was shown to down-regulate miR-221 and miR-222 in PC3 cells leading to the induction of tumor suppressor gene ARHI (94) . Increased levels of ARHI inhibited cell proliferation, colony formation, and invasion of prostate cancer cells. Our recent investigations (95) into the mechanisms of bone remodeling and bone metastases of prostate cancer have led to the observation that isoflavones can down-regulate miR92a, a miRNA that is associated with RANKL signaling. Prostate cancer cells can stimulate differentiation of osteoclasts and osteoblasts via up-regulation of RANKL, RUNX2, and osteopontin, and this can be attenuated by isoflavones through regulation of miR-92a. Inhibition of oncogenic miR-151, resulting in up-regulation of its target tumor suppressor genes, has been proposed as another mechanism by which genistein suppresses the growth of PC3 and DU145 cells (96) . Rabiau et al. (97) confirmed the ability of isoflavones to regulate miRNA expression, when they treated LNCaP, PC3, and DU145 cells with genistein and daidzein for 48 h, and listed a number of miRNAs that were altered for their expression in these cell lines. Interestingly, genistein and daidzein treatments had similar effects as 5-azacytidine on the miRNA modulation, suggesting an epigenetic regulation by these isoflavones. The epigenetic regulation of miRNAs is relatively an untouched field in the area of chemoprevention. Working on this aspect, we recently observed a low expression of miR-29a and miR-1256 in prostate cancer cells which was a result of their methylation status (98) . Treatment with isoflavones was found to demethylate the promoter sequence of these miRNAs leading to their up-regulation. This, in turn, led to an inhibition of the target genes of these miRNAs, TRIM68 and PGK-1, and an inhibition of cell growth and invasion of prostate cancer cells.
CONCLUSIONS
The wealth of literature on the anticancer potential of isoflavones, contradictory and counterintuitive at times (99) , highlights their enormous potential as nontoxic chemopreventive/therapeutic agents. Moving forward, it seems the best strategy might be to investigate a mixture of these compounds, as opposed to single agents, in more detailed studies. Another strategy might be the use of novel synthetic analogs of soy isoflavones (100) with increased efficacy and reduced adverse effects. The renewed interest in these natural anticancer agents, particularly in light of their ability to modulate miRNAs, EMT, and epigenetic changes, has once again brought them into the limelight with the hope of finding their use in prostate cancer therapeutics.
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